To address the controversial issue of the toxicity of dental alloys and silver nanoparticles in medical applications, an in vivo-like LO2 3-D model was constructed within polyvinylidene fluoride hollow fiber materials to mimic the microenvironment of liver tissue. The use of microscopy methods and the measurement of liver-specific functions optimized the model for best cell performances and also proved the superiority of the 3-D LO2 model when compared with the traditional monolayer model. Toxicity tests were conducted using the newly constructed model, finding that four dental castings coated with silver nanoparticles were toxic to human hepatocytes after cell viability assays. In general, the toxicity of both the castings and the coated silver nanoparticles aggravated as time increased, yet the nanoparticles attenuated the general toxicity by preventing metal ion release, especially at high concentrations.
Introduction
Though dental alloys have been widely used in modern dentistry as casting materials, concerns over their biological safety still exist (Wataha, 2000) . Various toxicity tests have been conducted to investigate the application safety of these materials with some positive reports finding them to be non-toxic (Schmalz et al., 1998) and other negative studies finding that they are toxic (Al-Hiyasat et al., 2002) . At the same time, with the emergence of nanotechnologies, silver nanoparticles are now applied to dental biomaterials (Hamouda, 2012) due to their great antimicrobial effects (Morones et al., 2005) and antiinflammatory properties (Wong et al., 2009 ). Yet the application of this material also remains controversial due to the possible metal toxicity (Allaker, 2010) and the specific nanotoxicity (Fadeel and Garcia-Bennett, 2010 ) of the particles. So far, many cytotoxicity tests of silver nanoparticles and the releasing of silver ions into human cells have shown irreversible cell death, decreased mitochondrial functions (Hussain et al., 2005; AshaRani et al., 2009) , and dose-dependent sensibility (García-Contreras et al., 2011) , raising the concerns to an even higher level.
Generally, the toxicity of metallic materials derives from the fluid environment in the human body where metal corrosions initiate, leading to the diffusion of metal ions into the surrounding tissue (Ren et al., 2002) and may thus cause toxicity, inflammation, and allergic reaction in the recipients (Aksakal et al., 2004) . To assess the toxicity of such materials, specific tests were conducted mainly on monolayer models using murine fibroblasts and osteoblastic cells (Yamamoto et al., 1998) . Though improvements have been made to enable a more thorough study of metal cytotoxicity (Hanawa, 2002) , the effectiveness of these cell models is still limited by cell types and the 2-D morphology.
Though fibroblasts and osteogenic cells may be suitable for electrochemical analysis (Hiromoto et al., 2002) , for cell adhesion experiments (Zreiqat et al., 2002) , or for testing cytotoxicity in surrounding tissues (usually bones and vessels), using only these cells is not enough for a thorough toxicity test. Increased concentrations of corroded particles have been found in tissues both near the implants and in other parts of the body such as the liver, which has been identified as the major target tissue for prolonged silver nanoparticle exposure (Sung et al., 2008) . This means that cytotoxicity tests of other tissues, especially the liver, are also required when assessing the general toxicity of metallic materials due to the dissolution of metal ions and other chemicals in the circulating body fluids.
In this study, LO2 cells are selected as the cultured cell representing tissue from the biggest digestive gland (Kmieć, 2001) , the liver, where 90% of medicines are metabolized by cytochrome P450 enzymes (CYP450) (Dambach et al., 2005) with most of them producing efficacy or toxicity afterwards (Gómez-Lechón et al., 2007) . Besides, the liver is super sensitive to xenobiotics and is subject to damage by medicine doses several times lower than that which damages other organ tissues (Burcham, 2014) . In pharmaceutics, hepatocyte models are widely used to evaluate the hepatotoxicity of a medicine and are considered relatively mature in application. Moreover, the innovative model used here addresses the limitation of traditional 2-D models to form cell organoids. These types of cell aggregates are able to maintain high-level cell performances (Niinomi et al., 2002) and therefore have been advocated to best mimic the in vivo microenvironment of liver tissues.
The objective of this study was to build up an in vivo-like 3-D model through gel entrapment culture and further, to prove the superiority of the 3-D model in toxicity testing compared with the traditional monolayer model used in the field. Later, toxicities of the sliver nanoparticle-coated dental castings were evaluated in the 3-D model to determine the safe usage of the alloys in practical application.
Materials and methods

Materials
Polyvinylidene fluoride (PVDF) hollow fiber materials (aperture 0.2 μm, pure water flux 800 L/(m 2 ·h) under 0.1 MPa, inner/outer diameter 0.7 mm/1.3 mm) were purchased from the SENUO Filtration Technology Co., Ltd. (Tianjin, China). Rat-tail collagen, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT), and Hoechst 33258 dying were purchased from the Sigma-Aldrich (St. Louis, MO, USA). Urea, albumin, and lactate dehydrogenase (LDH) kits were purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Fetal bovine serum (FBS) and cell lysis buffer were purchased from the Beyotime Institute of Biotechnology Ltd. (Shanghai, China). AgNO 3 and NaBH 4 are of analytical grade and were purchased from the Aladdin Reagent (Shanghai, China). Wirobond C (WC), Keragen (KN), Ceramill Sintron (CS), and Solibond C plus (SCP) cobalt-chromium alloys were bought from the BEGO (Germany), the Dentalwaren ED GmbH (Germany), the Amanngirrbach (Germany), and the YETI Dentalprodukte GmbH (Germany), respectively.
Cell culture and treatments
The cell were cultured according to the methods described by Chu et al. (2017) . Briefly, for the monolayer culture, LO2 cells were cultured in Dulbecoo's modified Eagle medium (DMEM, Gibco) containing 100 U/ml streptomycin, 100 U/ml penicillin, and 10% (v/v) FBS, and were later incubated at 5% (v/v) CO 2 , 37 °C. For the 3-D culture, DMEM culture medium was first mixed with 2 g/L collagen at a ratio of 1:1 (v/v) for later usage. LO2 cells were calculated for the appropriate seeding density and were then mixed with the previous solution. After adequate mixing, 20 μl of the final solution was injected into the lumen of a 3-cm long sterilized PVDF hollow fiber. To stabilize the collagen, the hollow fibers were kept for 10 min at 37 °C. Later, a certain number of hollow fibers were put into the 6-well plate with 2 ml preheated culture medium and were incubated at 5% CO 2 , 37 °C. After reaching the appropriate confluence, the cells were washed with phosphate buffer saline (PBS) twice and treated with extracts. Cells with no treatment (medium only) were used as the negative control.
Preparation of the dental casting samples
A waxing model sized 10 mm×10 mm×2 mm was created, and the samples were made using the lost-wax method. The surfaces of the castings were polished using abrasive paper of 100, 200, 400, and 800 meshes successively to acquire the same coarseness.
Preparation of the silver nanoparticle-coated dental castings
The spherical silver nanoparticles were prepared using hydrothermal methods according to the reaction: AgNO 3 +NaBH 4 →Ag+1/2H 2 +1/2B 2 H 6 +NaNO 3 .
AgNO 3 solutions (0.5, 1.0, and 2.5 ml) were added to NaBH 4 solutions to produce silver nanoparticles of low, medium, and high concentrations, respectively. After 30 min of magnetic stirring, 12 ml of each final solution, together with the sample castings, was put into the hydrothermal reactors for 2 h at 130 °C. Later, the coated alloys were cooled and dried at 80 °C.
Preparation of the dental castings extract
The castings were first marked and went through steamed sterilization. After drying, each of the 1 cm 2 -sized castings was immersed into 2 ml of culture medium based on the ISO requirement (0.5 to 0.6 cm 2 /ml) for 7 d before further toxicity testing. Later, the extracts went through filtration using 0.22-μm micro porous membranes.
Cell viability assays
For the monolayer culture, the cells were immersed in 0.5 mg/ml MTT for 4 h in the incubator at 5% CO 2 , 37 °C. At the end of the incubation, 150 μl dimethyl sulfoxide (DMSO) was added to dissolve the formazan precipitate. For the 3-D culture, the hollow fiber reactors were immersed in 2 ml 0.5 mg/ml MTT-PBS in each well and were later incubated for 4 h. At the end of the incubation, the hollow fibers were transferred into a 2-ml centrifuge tube and were cut up into pieces. DMSO (750 μl) was added to dissolve the formazan precipitate. The absorbance was measured at 570 nm using a spectrophotometer. This method is referred to the one described by Chu et al. (2017) .
Fluorescent stain of nuclei
The hollow fibers were first taken out and cut in the straight direction. The cells were scraped from the inner surface of the hollow fibers and were then immersed in 10 μg/ml Hoechst 33258 solution for 30 min of cultivation at 37 °C. Later, the dying solutions were discarded and PBS was used to rinse. The cells were observed under the phase contrast fluorescent microscope. This method is referred to the one described by Chu et al. (2017) .
Statistical analysis
All experiments were carried out at least three times. The results were expressed as mean±standard deviations (SD) and analyzed by one-way analysis of variance (ANOVA) using SPSS (Version 19.0). P< 0.05 was considered statistically significant, and graphs were drawn by GraphPad Prism 6.0 for Windows (GraphPad Software, San Diego, CA, USA).
Results and discussion
Characterization of the hollow fiber materials
Based on the bioreactor technology, hollow fiber polymers were used as supporting materials when forming LO2 cylindroids within the model. The material used here is known for its great performance in chemical stability, radiation resistance, heat resistance (Li and Lv, 2001) , and other general properties. It is the key component of the model assuring both cell growth and material exchange between inner cells and the outside culture medium.
Scanning electron microscope (SEM) images in Fig. 1 show the inner surface of the PVDF under both cross cut and straight cut directions and different amplification factors. As seen from the pictures, the inner surface of the material was rather rough, indicating its ability to support tight cell adherence, good growth, normal proliferation, and high-level functional expression of the cells. The massive micro pores presented also demonstrated the ability of the hollow fiber to exchange materials between the inner cells and the outer culture medium. Moreover, since these fibers went through steam sterilization to reach the high-standard disinfection of microorganisms, the small diameters and shapes of the pores also suggested a favorable heat resistance ability. All these characteristics combined confirmed the feasibility of using sterilized PVDF material to construct the bioreactor according to its high permeability and capacity for maintaining cell growths (de Bartolo et al., 2006) . In this section, we conducted the same type of experiment presented by Chu et al. (2017) to assure the integrity and effectiveness of this particular batch of materials.
Characterization of the silver nanoparticlecoated alloys
SEM images were observed to ensure the successful preparation of the nanoparticles and their adhesion to the dental castings. As seen from Fig. 2 , round shaped nanoparticles were scattered across the alloy surface and the overall coverage area increased along with higher nanoparticle concentrations. Later, spectrum analysis was conducted on a piece of KN alloy coated with low-concentration nanoparticles to analyze the metal compositions ( Fig. 3 and Table 1 ) of the combined biomaterials. Within the detected area, four elements Cr, Co, Ag, and W were confirmed, weighting 26.46%, 59.35%, 0.94%, and 13.25% of the overall materials, respectively.
Construction and optimization of the model
This model used rat tail collagen type I to create the entrapment culture of LO2 cells within the hollow fiber. The collagen used here had two major functions: to ensure the formation of cell aggregates and to improve the long-term bioactivity and integrity of the cells by providing better adhesion to the scaffolds (Kino et al., 1998) . Here, the hollow fibers and collagen worked as blood vessels and liver connective tissue, respectively, to mimic the microenvironment of liver tissue.
After primary construction, cell seeding density was optimized to ensure the best performance of the cells. Mixed with 2 mg/ml collagen solution, cell suspension with concentrations varying from 1×10 4 to 5×10 6 cells/ml was injected into the hollow fiber model. The number of hollow fibers placed in the 6-well plates was carefully calculated to ensure an equal cell growth area in both the 3-D and the monolayer models. After 4-d cultivation, the bioactivity of cells within the two models was determined. As seen from Fig. 4a , urea synthesis in the 3-D model was greater than the monolayer one at lower cell seeding density from 1×10 4 to 5×10 5 cells/ml. While at cell seeding density of 5×10 4 and 1×10 5 cells/ml, significant differences were observed. Albumin secretion was also measured (Fig. 4b) . In general, albumin secretion in the 3-D model remained roughly the same with slightly greater amount at 5×10 4 and 5×10 5 cells/ml. The results were quite unexpected since cell seeding density had little effect on the general performances of the cells. The limited growing space of the petri dish in the monolayer culture may well explain the slight disadvantage at a lower density. However, at a higher density, the space of each model was only able to support a certain amount of cell growth and thus little relationship was observed between density and cell performances. From the two figures combined, 5×10 4 cells/ml was selected as the optimal cell seeding density when both indexes remained comparatively higher in the 3-D model.
After 2-d cultivation, the morphological appearance of the cylindroids was studied by histological analysis. Fig. 5a illustrates the overall morphology of the cylindroids, showing the relatively smooth and integrated surface of the cell aggregates. Under the same visual field, fluorescent image (Fig. 5b) was observed, indicating a compact and well-organized network of the cell cylindroids. The favorable growth conditions of the model were confirmed, with positive staining of cell nuclei throughout the entire cell aggregates. These images strongly suggest the success of the model in forming in vivo-like LO2 cylindroids.
In this section, we used very similar methods with the ones depicted by Chu et al. (2017) . Yet with different types of cells lines (HepG2 cells in Chu et al. (2017) and LO2 cells in this study), we have the rationale to establish new conditions for further testing. 
General evaluation of the model
After determining the seeding density, the culture medium in both models was sampled and refreshed every 2 d in the 10-d period for further metabolic tests. As shown in Fig. 6 , during the 10-d cultivation period, both urea synthesis and albumin secretion in the 3-D model remained relatively high compared with the monolayer model, and these differences increased in the later period of culture, indicating significant differences in cellular activity after long-term cultivation.
The better performances of cells in the 3-D model can be well explained by the function of hollow fiber materials in material transportation, cell adhesiveness, and improvement of the functional expression of cells (Manivasagam et al., 2010) . Also, the long-term maintenance of liver-specific functions in cylindroids has been proven possible by Mizumoto et al. (2008) , suggesting up to 5-month maintenance of cylindrical morphology, ammonia removal, urea synthesis, and albumin secretion in certain culture media. Therefore, the model constructed was able to support the satisfactory growth of cell aggregates and ensure the stable functional expression of cells over a relatively long period.
Toxicity testing of the dental castings
Treated with the extract solution of the dental castings, Fig. 7 shows the results of MTT analysis in the form of cell viability where the values of the control groups (pure media without extract solution) were set as 100%. In Fig. 7a , after 24-h exposure, the 3-D model cells exposed to the extract of alloy WC and its variations showed an inverse relationship between cell deaths and the nanoparticle concentrations. Interestingly, unlike the positive correlations showed in former studies that had mainly focused on silver nanoparticles or coated nanoparticles alone (Silva et al., 2014) , the results here indicate the benefits of using Ag nanoparticles as coating materials, as it mitigates the toxicity of pure castings. As shown in Fig. 7a , fewer cells suffered from the toxicity induced by the castings as the concentration of coated nanoparticles increased; this might be explained by the tightly wrapped nanoparticles preventing the release of alloy ions. Though slight improvements of toxicity due to the Ag nanoparticle coatings were demonstrated, the general toxicity of the castings was still aggravated with a longer exposure time since "aged" silver nanoparticles have been proven more toxic due to the slow dissolution of silver ions (Kittler et al., 2010) as well as the alloy itself. All other cultivated cells showed similar patterns to those treated with alloy WC's extract solution, with the coating of Ag nanoparticles mitigating the toxicity unexpectedly as their concentration increased, and a longer exposure time contributing to the toxicity of the castings due to the release of metal ions. Therefore, none of these processed Cr-Co castings are suitable for practical application based on the evaluation of their toxicity.
Conclusions
To test the toxicity of potential dental materials in an in vivo-like environment, we constructed a 3-D (n=3) cell model using PVDF membrane and the gel entrapment culture system. Compared with the traditional 2-D cell model, microscopic observations confirmed the 3-D morphology of the cell culture, while biochemical analysis identified the superiority of the model in regard of long-term maintenance and overall metabolic activity. Upon the successful model construction, we used MTT assays to briefly determine the toxicity of four types of silver nanoparticle-coated dental castings as a primary application. Through these series of experiments, we identified the mitigating effects of the silver nanoparticles on pure alloy toxicity and the time-induced aggravation of general toxicity in all types of castings regardless of coating, and thus proved the processed dental castings unsuitable for medical application based on the toxicity results on LO2 cells. The final toxicity may derive from the manufacturing process other than from the purchased alloys themselves. In general, the 3-D LO2 model constructed in this study provides a potential solution for the lack of accurate toxicity tests for silver nanoparticle-coated dental alloys in the field, and can be used to test other metallic biomedical materials in the future.
To clarify, our group also developed a 3-D model using HepG2 cells to test food-related chemical toxicities (Chu et al., 2017) . However, in this model, we selected a more sensitive, normal cell line LO2 due to the moderate toxicity of dental castings. Additionally, the model constructed in this study is used to determine the toxicity of dental materials for the first time.
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